Ultrasonic imaging of human tooth using chirp-coded nonlinear time reversal acoustics  by Santos, Serge Dos et al.
Available online at www.sciencedirect.com
Physics Procedia 00 (2009) 000–000 
www.elsevier.com/locate/procedia
International Congress on Ultrasonics, Universidad de Santiago de Chile, January 2009 
Ultrasonic Imaging of Human Tooth using Chirp-Coded Nonlinear 
Time Reversal Acoustics 
Serge Dos Santos
a,
*, Mathieu Domenjoud
b
, Zdenek Prevorovsky
c
a ENI Val de Loire, UMR 930 « Imagerie et Cerveau » INSERM-CNRS-Université François Rabelais, 
 ENIVL, Rue de la Chocolaterie BP 3410, F-41034 Blois cedex, France 
b Université François-Rabelais, CNRS-ERL 3106 –UMR 930 INSERM, ENIVL, 
 Rue de la Chocolaterie BP 3410, F-41034 Blois cedex, France 
c Institute of Thermomechanics AS CR, v.v.i., Dolejskova 5, CZ-18200 Prague 8, Czech Republic 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
We report in this paper the first use of TR-NEWS, included chirp-coded excitation and  applied for ultrasonic imaging of human 
tooth. Feasibility of the focusing of ultrasound at the surface of the human tooth is demonstrated and potentiality of a new 
echodentography of the dentine-enamel interface using TR-NEWS is discussed. 
PACS: 43.25.Ts; 43.60.TJ; 43.60.Wy; 43.60.Jn; 43.60.Pt; 43.40.Ga; 43.40.Fz 
Keywords: TR-NEWS; chip-coded excitation; echodentography; ultrasonic imaging 
1. Introduction 
1.1. Time Reversal based NEWS techniques 
Nonlinear Time Reversal Acoustics is now an efficient technique for the improvement of localization of 
nonlinear scatterer using Time Reversal (TR) properties[1]. After TR process, the acoustic waves are retro-focused 
and locally induce high acoustic pressure resulting in nonlinear response. The method is more efficient in more 
complex and reverberating media. A new ultrasonic imaging of tooth, based on TR combined with the Nonlinear 
Elastic Wave Spectroscopy (TR-NEWS), is suggested in this paper. NEWS with TR procedure has been recognized 
as a useful tool for non-destructive testing (cracks detection) of various solid materials, such as complex composites. 
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Since the pioneering work in bubbly liquids[2], efficiency of TR-NEWS methods have been demonstrated in
complex solid structure for crack detection[3,4].
1.2. Echodentography
The challenge of imaging and understanding the complexity of the enamel-dentine interface in human tooth 
seems to be realizable using the TR-NEWS with local detection of ultrasound excitation by laser vibrometer. The 
tooth material is heterogeneous and reverberant, which is suitable for TR-NEWS testing. Ultrasonic evaluation of
human tooth known as echodentography is the subject of an increased interest thanks to the potential of high
frequency imaging[5]. Tooth internal structure is known to present complex heterogeneous properties, like
composite or bone. Mechanical properties of the tooth are defined by its compound of a outer layer of enamel, the
hardest material in the human body with velocity of longitudinal waves about cL= 6250 m/s and acoustic impedance
about Z=17 MRayl, a inner layer of dentin with cL = 3800 m/s and Z=10 MRayl,  surrounding the central pulp with
cL = 1550 m/s[6,7]. Dentin is the most abundant mineralized tissue in the tooth. At the smallest length scale (less
than 1mm), the composition and structure of dentin is similar to that of bone. Like bone, the magnitude of the elastic 
constants depends on the degree of mineralization while the symmetry of the elastic constants depends upon the
orientation of the collagen fibrils. Fracture properties, however, are significantly altered with age.
As observed for most composite materials, fatigue and degradation of human tooth are related to the presence of
cracks and weakening of adhesive bonds in the enamel-dentine interface. 
2. Chirp-coded TR-NEWS 
2.1. Theory
Improvement of TR-NEWS has been conducted with coded excitation using chirp frequency excitation[8]. In
order to increase the acoustic energy generated to a complex medium, chirp excitation is associated to correlation
process in order to obtain the impulse response of the medium. The response y(t) (called chirp-coded coda) of a
chirp excitation c(t) is given by
where h(t) is the impulse response of the medium. The correlation
is also proportional to the impulse response h(t) if
which is the case for chirp excitation. If *(t) is time reversed and used as a new excitation, the response (called
chirp-coded TR-NEWS coda) is then given by
which is the linear autocorrelation of the system, which independent of the excitation. Any source of nonlinearity
in the system will conduct to a perturbation of this method.
Note that the classical Pulse Inversion (PI) method which consist in applying c(t) and –c(t) has no effect to the
result of *(t). The nonlinear signature is also extracted by subtractions of responses instead of addition in the case of
classical PI  method.
914 S.D. Santos et al. / Physics Procedia 3 (2010) 913–918
Serge Dos Santos et al./ Physics Procedia 00 (2010) 000–000
2.2. Experimental set-up
A specific TR-NEWS system was modified to be applicable for human tooth imaging (Fig. 1). The third molar
is put on the center of a OWIS rotation stage. Ultrasonic chirp-coded excitation in the bandwidth 0.7-1.5 MHz has
been performed using  a frequency transducer (10MHz) glued to the tooth.
Generated signals were amplified by a 150A100B Scientific Research 150W amplifier in order to transmit
enough ultrasound energy to the tested tooth. Particle velocity was measured at the tooth surface with a laser Polytec
PI vibrometer.
Fig.1 TR-NEWS experimental set-up for ultrasonic imaging of the human tooth. A 10 MHz
Panametrics transducer is glued on the tooth and, initially, a chirp-coded excitation is performed in
the 0.7-1.5 MHz frequency range. The laser pick up, at the surface of the tooth, the normal velocity 
of acoustic vibration for various angles of rotation T along the z-axis
The chirp coded coda y(t) is presented in Fig. 2 for various position of the laser ray (T=160, 260 and 320°). The
complex coda presents a qualitative difference due to an increase of the distance between transducer and laser. 
Fig.2 Surface velocity of ultrasound (chirp-coded coda) recorded with
the calibrated laser at angles T=160, 260 and 320°. Note that the time
position of the maximum of amplitude (around 2 mm/s) is dependant of
the angle, but can be used in order to evaluate average velocity of
ultrasound in tooth. The envelope (red line) is extracted with Hilbert
transform. The first maximum of envelope is dependant of the angle of
Fig.3 Surface velocity of ultrasound (chirp-coded TR coda)
recorded after time reversal of pseudo-impulse response at 
angles T=160, 260 and 320°. The focused spot is localized in 
time at tf=1.638 ms and correspond to a spatial focusing of
ultrasounds at the surface of the tooth
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rotation and represents an average distance transducer-laser
After correlation processing (extraction of the acoustic coda in the tooth), the signal *(-t) is again amplified and
transmitted into the tooth. Ultrasound signals are then recorded with the same laser at the same position, which gives
the chirp-coded TR-NEWS coda yTR(t) (Fig. 3). After TR processing, the focused spot about 10 Ps is localized in 
time and in space at the tooth surface. Recorded TR pulse contains additional echoes coming from nonlinear effects 
and additional artifacts. As given by Eq.(4), the time evolution presents a behavior of the autocorrelation function
with a single maximum (the focused spot), and additional artifacts (symmetric side lobes around time tf=1.638 ms)
highly dependant of angle T.
The difference between Fig. 2 and Fig. 3 is the localization (in time) of the focused signal at the same time
tf=1.638 ms, and independently of the angle of rotation. Consequently, the focusing is independent of the distance
between transducer and laser receiver. The other difference concerns the maximum of yTR(t)  which is not constant.
But the most important advantage which was used previously with other complex medium in the context of
nondestructive testing [3] is the fact that we have a focusing of ultrasounds exactly at the position of measurements
and provide to the method a localization advantage.
3. TR-NEWS imaging of the tooth
TR-NEWS is performed for several tooth positions which is rotated with respect to its vertical axis. Coda are 
recorded after rotations in the xOy plane using a 360° OWIS rotating set-up with affixed tooth. The tooth imaging is
constructed from this chirp-coded TR-NEWS signal focused at the tooth surface independently on the initial
transmitter position. A normalization of the responses (with respect to the max) was necessary in order to optimize
the image processing. A polar representation (r, T) has been chosen for the first TR-NEWS imaging of the tooth
(Fig.4). The red region (around r=120) corresponds to the ultrasonic focused spot at the surface of the tooth. The
nonlinear effects are supposed to be observed in this region.
Fig.4  TR-NEWS imaging ot the tooth. For each angle (180…80°), a polar representation 
(r, T) of chirp-coded TR-NEWS coda is plotted along r coordinate. The origin r=0
correspond to time t=1.625 ms, and r=300 to t=1.690 ms. The normalized maximum is 
shown in red at r=120 corresponding to tf=1.638 ms. The region T  in 80-160° corresponds
to the position of the transducer (see Fig. 1)
The behavior of the propagation before the focused spot is presented in Fig. 5 and after the focusing in the Fig. 6.
These figures represent a polar representation of side lobes resulting from the internal properties inside the tooth
(presence of interfaces). For Fig.5, it gives information about internal properties of the tooth, before the focused spot
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which generates nonlinear excitation. It can be considered as a reference image. Both regions present side lobes
which are directly linked to the presence of interfaces inside the tooth. Nonlinear effects induced by the focusing are 
supposed to be present only in Fig. 6. For Fig. 6, we have information about internal properties combined with
nonlinear effects induced by the focusing. Further signal and image processing will be necessary to extract any 
nonlinear signature after the focusing.
Fig.5 Normalized imaging of TR-NEWS response before the 
focusing (data from tf==1.62 ms to t=1.638 ms). The focused region
is extended in red at the border (r=200) of the polar representation
Fig.6  Normalized imaging of TR-NEWS response after the
focusing (data from tf=1.638 ms to t=1.66 ms). The focused region
is localized in red at the origin (r=0) of the polar representation
4. Conclusion and perspective
Data normalization and calibration is necessary for nonlinear imaging of the enamel-dentine interface. The
nonlinear signatures produced by the focusing should be present in side-lobes of TR-NEWS signals and their
extraction by the advanced PC-PS coded scheme[8]. TR-NEWS images of the tooth show its complex internal
structure, regardless of the complicated geometrical shape
Improvement of this method consists in using virtual sources in order to decrease side-lobes effects. It will be
important to take into consideration the real geometry of the tooth section (circular section is supposed for Figs. 4-
6). The advantage of this method is also in the fact that a high degree of flatness of the tooth surface is not required
with TR-NEWS, contrary to classical B-Scan using contact transducers. TR-NEWS based imaging in tooth is
proposed  in this paper to improve the potential of echodentography.
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